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Abstract 
Silicon nanocrystals (Si-nc) embedded in a SiO2 matrix is a promising system for silicon-
based photonics. We studied optical and structural properties of Si-rich silicon oxide SiOx 
(x < 2) films annealed in a furnace at temperatures up to 1200 °C and containing Si-nc. The 
measured optical properties of SiOx films are compared with the values estimated by using 
the effective medium approximation and X-ray photoelectron spectroscopy (XPS) results. 
A good agreement is found between the measured and calculated refractive index. The 
results for absorption suggest high transparency of nanoscale suboxide. The extinction 
coefficient for elemental Si is found to be between the values for crystalline and amorphous 
Si. Thermal annealing increases the degree of Si crystallization; however, the Si–SiO2 phase 
separation is not complete after annealing at 1200 °C. The 1.5-eV photoluminescence 
probably originates from small (~1 nm) oxidized Si grains or oxygen-related defects, but 
not from Si-nc with sizes of about 4 nm. The SiOx films prepared by molecular beam 
deposition and ion implantation are structurally and optically very different after preparation 
but become similar after annealing at ~1100 °C. The laser-induced thermal effects found for 
SiOx films on silica substrates illuminated by focused laser light should be taken into 
account in optical measurements. 
Continuous-wave laser irradiation can produce very high temperatures in free-standing 
SiOx and Si/SiO2 superlattice films, which changes their structure and optical properties. 
The center of a laser-annealed area is very transparent and consists of amorphous SiO2. 
Large Si-nc (up to 300 nm) are observed in the ring around the central region. These Si-nc 
produce high absorption and they are typically under compressive stress, which is connected 
with the crystallization from the melt phase. Some of the large Si-nc exhibit surface features, 
which is interpreted in terms of eruption of pressurized Si from the film. A part of large Si-
nc is removed from the film forming holes of similar sizes. The presence of oxygen in the 
laser-annealing atmosphere decreases the amount of removed Si-nc. The structure of laser-
annealed areas is explained by thermodiffusion, which leads to the macroscopic Si–SiO2 
phase separation. Comparison of the structure of central regions for laser annealing in 
oxygen, air, and inert atmospheres excludes the dominating effect of Si oxidation in the 
formation of laser-annealed area. By using a strongly focused laser beam, the structural 
changes in the free-standing films can be obtained in submicron areas, which suggests a 
concept of nonvolatile optical memory with high information density and superior thermal 
stability. 
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1 Introduction 
Many limitations of modern electronic devices may be overcome by implementing 
photonics into electronics.1-4 Integration of silicon-based photonics with CMOS technology 
is a promising approach since it gives the possibility to merge electronics and photonics 
efficiently in the same chip.5-9 Many optical functions such as, for example, light sources, 
amplifiers, waveguides, modulators, memory, and detectors should be achieved in order to 
fulfil this integration.1,7 Realization of a true monolithically fabricated injection Si laser with 
a small size is a particularly challenging task.7 The reason lies in the low light-emitting 
efficiency of bulk silicon due to its indirect band gap (~1.1 eV), which implies long radiative 
times (~ms) and therefore, mostly non-radiative recombination of the excited carriers. The 
efficiency of the light emission can be enhanced by increasing the overlap of the electron 
and hole wavefunctions via, for example, spatial confinement.10-13 The unusual properties 
of Si structures are observed when the size is less than the free exciton Bohr radius of 4.3 
nm in bulk Si.14 This quantum confinement (QC) effect leads to the following main changes 
in the material properties: i) a decrease of the non-radiative recombination rates due to 
spatial confinement of the carriers; ii) an increase of the radiative probability due to 
delocalization of the wavefunctions in the momentum space, which increases the electron-
hole wavefunction overlap; iii) a shift in the emission wavelength to the visible region due 
to an increase of the band gap, which is controlled by the Si nanostructure size.1 
1.1 Light emission from Si nanocrystals 
Porous Si (p-Si) is the first example of Si-based material with an increased luminescence 
efficiency. Strong room-temperature photoluminescence (PL) in visible region (~1.5 eV) 
was discovered  from this material by Leigh Canham in 1990.15 Visible luminescence 
ranging from green to red in color was soon reported by Canham et al. for other p-Si samples 
and ascribed to the quantum size effects in Si wires of width ~3 nm,16 and by other 
researchers.17,18 The blue shift of the PL and of optical absorption with increasing porosity 
(decreasing Si nanocluster sizes) provided the first important evidence that the QC plays an 
important role in light emission from p-Si. This blue shift is a result of the band gap 
expansion controlled by the Si nanostructures sizes.13,19 
It was soon understood that the nature of the surface localized states of small Si 
crystallites has a great influence on the light emission.20,21 Wolkin et al. showed that for 
hydrogen-passivated p-Si, recombination occurs via free exciton states for all crystallite 
sizes and follows the expected QC behavior.22 Ledoux et al. studied Si nanocrystals (Si-nc) 
prepared by pulsed CO2 laser pyrolysis of silane in a gas flow reactor and deposited on a 
substrate.23 It was observed that the PL band blue-shifted as the size of the particles 
decreased from 8 to 2.5 nm. This dependence clearly follows the QC model. The QC 
mechanism operates also for alkane-terminated Si-nc. Hannah et al. convincingly 
demonstrated using pressure-dependent PL studies that the PL emission arises from core-
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states of Si-nc with indirect-gap transition.24 The same PL mechanism was also reported to 
operate for Si-nc in silicon-nitride films.25,26 
Another attractive Si-based material, which is the focus of the present thesis, is 
composed of Si-nc embedded in a SiO2 matrix. This material is chemically and 
mechanically more stable compared to p-Si and also emits light in the visible region. Studies 
of Si-nc in SiO2 have been stimulated by the observation of optical gain in this material.27,28 
In addition to PL, electroluminescence in visible region from p-Si and from Si-nc in SiO2 
has also been reported.29,30 The origin of the PL from Si-nc in a SiO2 matrix is quite 
controversial. The conclusions on the mechanism of the light emission from oxidized p-Si 
seem to be relevant to Si-nc in SiO2. Studies by Wolkin and coworkers of oxidized p-Si 
showed that the light-emitting centers can involve Si=O covalent bonds located on the 
surface of p-Si.22 For oxygen-passivated Si clusters, a stabilized electronic surface state is 
formed on a Si=O covalent bond and different recombination mechanisms can operate 
depending on the crystallite size. For larger sizes (>3 nm), recombination occurs via free 
excitons since the band gap is not wide enough to stabilize the Si=O surface state; for 
intermediate sizes (~2.5 nm), recombination involves a trapped electron localized on the Si 
atom of the Si=O bond and a free hole; and for smaller sizes (<2 nm), recombination is via 
trapped excitons. This model was soon supported by theoretical calculations.31 Similarly, 
the PL of Si-nc (sizes >3 nm) in SiO2 was also ascribed to the QC effect.32-35 On the other 
hand, the importance of the Si-nc/SiO2 interface in the light-emitting properties has been 
stressed36-39 and, in particular, the defect origin of the PL has been discussed.38,40-44 
Godefroo et al. have convincingly demonstrated that defects are the dominant source of the 
1.5-eV PL.45 The authors could switch the PL mechanism between the QC and defect 
mechanisms by passivation with hydrogen and ultraviolet illumination, respectively. 
Further discussion of the PL mechanism based on our results for SiOx (x < 2) films can be 
found in section 3.1.2. 
1.2 Optical and structural properties of Si-nc in silica 
Optoelectronic applications of Si-based materials require knowledge of their optical and 
structural properties. For Si-rich silicon oxide SiOx (x < 2) films prepared by plasma 
enhanced chemical vapor deposition (PECVD), the energy-filtered transmission electron 
microscopy (EFTEM) studies have demonstrated that the Si–SiO2 phase separation starts 
after annealing at 900 °C for 1 hour in N2 atmosphere when Si clusters become visible in an 
oxide matrix.46 The dark-field (DF) TEM technique reliably shows that the Si clusters are 
amorphous for annealing temperatures 900–1000 °C, and their crystallization begins at 1100 
°C. Higher annealing temperatures promote further crystallization of the Si clusters. The Si-
nc sizes as a function of the annealing temperature and Si content have been studied for 
samples prepared by different deposition methods. For samples prepared by PECVD, the 
TEM results indicate that the Si-nc sizes increase with the increasing annealing temperature 
for a given Si content and with the Si content for a given annealing temperature.47 The 
increase of the Si-nc sizes with the annealing temperature is also observed for SiOx films 
prepared by magnetron sputtering (MS).48 For implanted SiOx films, it is shown that the 
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nucleation and pure growth stages of the nanocrystal population are almost over after 1 min 
of annealing at 1100 °C in N2.49 For longer annealing periods, the Si-nc grow due to 
coalescence or Ostwald ripening process.49,50 
The control of optical constants (refractive index and absorption coefficient) of SiOx 
films by varying the Si content and annealing temperature is important for optoelectronic 
applications. Several methods have been employed to study the optical constants of different 
materials containing Si-nc. These methods include, for example, optical ellipsometry51-53 
and m-line measurements.54-56 The analysis of the optical properties often uses the 
Bruggeman effective-medium approximation.57-59 The Tauc-Lorentz model provides 
optical constants of Si-nc deposited on a substrate.59 The results show that the optical 
properties of Si-nc are quite different from those of amorphous and crystalline Si. It has 
been found that at a given wavelength, the refractive index increases for larger Si-nc51 and 
the Si content.52 Chen et al. have developed a quantitative approach of obtaining depth 
profiles of the optical constants.58 Moreno et al. report that the refractive index of Si-nc is 
lower than that of amorphous and crystalline bulk Si.57 They also conclude that the refractive 
index is rather independent on the Si clusters sizes (3.6–4.6 nm) and depends mostly on the 
crystalline or amorphous structure of the Si clusters. At a given wavelength, the absorption 
coefficient of annealed SiOx films prepared by MS and PECVD increases with the Si 
content.53,60,61 This can be explained by the growth of Si-nc i.e. increasing density of Si–Si 
bonds.60 The growth of Si-nc also leads to an increase of absorption in p-Si62 and in SiOx 
films prepared by Si ion implantation.57 For a fixed Si content, the absorption coefficient of 
films prepared by MS and PECVD decreases with the increasing annealing temperature, 
which is due the amorphous-to-crystalline transition of Si in the samples.60 
Another method of measuring the refractive index and thickness of a SiOx film is the 
PL-filtering effect. A silicon oxide layer containing Si-nc on a silica substrate forms a planar 
waveguide. Spectral filtering of the PL occurs when the PL spectrum is measured from the 
waveguide edge along the film surface. This effect was first found in a Si/SiO2 multilayer 
(superlattice, SL) film on silica substrate28 and then also in SiOx films (x < 2).56,63-65 The 
detailed description of this effect is presented in section 2.3.1. 
For SiOx/SiO2 SLs prepared by MS, negative optical birefringence (~1 %) was observed, 
which has been explained by the presence of SL structure.54,55 In contrast, SiOx prepared by 
molecular beam deposition method (MBD) show a positive birefringence up to 8 % 
explained by non-spherical shape of the Si-nc.56 
The band gap of SiOx films containing Si-nc is usually estimated from the absorption 
spectra using the Tauc relation.49,51,60,66-68 A study of Si-nc deposited on a silica substrate 
shows that the electronic band structure of Si-nc is quite different from that of bulk silicon 
and that the band gap energy increases as the Si-nc size decreases.59 The latter observation 
was explained by the QC effect. The increase of the band gap for smaller Si-nc sizes was 
also observed for implanted SiOx samples.49,51 The absorption threshold is blue-shifted for 
smaller Si-nc, which also indicates the influence of the QC effect on the Si-nc band 
gap.60,62,68,69 
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1.3 Theoretical studies of optical properties of Si-nc 
In agreement with experimental observations, theoretical simulations of isolated hydrogen-
passivated Si nanostructures show that the band gap and the PL peak position change 
according to the QC theory.13,19 The situation changes for oxidized Si-nc.70 Theoretical 
studies highlight the importance of the interface region between the Si-nc and the silica 
matrix for the light-emitting properties.71,72 The absorption edge tends to red-shift due to 
formation of Si=O or Si–O–Si bonds at the Si/SiO2 interface.73-75 Luppi et al. considered 
small Si-nc (up to 1 nm in diameter) by applying ab initio calculations.76 In the case of the 
Si–O–Si bridge bond at the cluster surface, an emission peak at energy of about 1.5 eV was 
found. Importantly, PL in this region is often observed experimentally from silica films 
containing Si-nc. The calculated emission peak is red-shifted with respect to the absorptions 
peaks, which is also in agreement with the experimentally observed Stokes shifts between 
the absorption and PL spectra.  
The surrounding matrix always produces some strain on the nanocrystal, especially at 
the Si/SiO2 interface, and that this strain depends on the oxidation degree.77,78 The amount 
of strain affects the bad gap, which also shows an oscillating behavior with the Si-nc size, 
not strictly following the QC rule.77 Moreover, the disorder of nanoclusters has a large effect 
on their optoelectronic properties. In particular, the amorphization reduces the fundamental 
gap while increasing the absorption strength in the visible range.79 
In a recent work, Guerra and Ossicini have calculated the recombination rates for 
different classes of Si-nc in the diameter range of 0.2–1.5 nm.80 The authors also considered 
different conditions of passivation, strain, and symmetry in order to find the best conditions 
of radiative emission. As a result, they found that the smallest, highly oxidized, crystalline 
clusters are the most optically active Si/SiO2 structures. 
1.4 Fabrication of Si-nc 
Si-nc in silica films can be prepared by a number of deposition methods such as, for 
example, MBD,44,81 Si-ion implantation,38,40,82,83 MS,37,60,84,85 and PECVD.47,60,84,86,87 Two 
types of architectures are most commonly prepared: a) SiOx (x < 2) films38,47,60,88,89 and b) 
SLs with SiOx (x < 2) and SiO2 layers (SiOx/SiO2,45,85,90-92 Si/SiO237,44,81,93-96 for x = 0). Si-
nc are formed in these materials after furnace annealing above 1000 °C. Si and SiO2 wafers 
are typically used as the substrates. 
1.5 Laser annealing 
Laser annealing is an interesting approach to change the structural and optical properties of 
Si-based materials. The heating effect of pulsed radiation is especially strong.97 However, 
it can also be substantial for cw irradiation of free-standing porous films.98 The same 
temperature effect of cw laser radiation was later observed in free-standing SiOx films 
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containing Si-nc leading to a strong increase of the Raman signal of Si-nc.95,99-101 Si-nc 
prepared by laser annealing show high compressive stress (~3 GPa), which is evidenced by 
an up-shift of the Raman band.95 The compressive stress is formed in a solid silica matrix 
when the volume of Si-nc suddenly increases after its crystallization from the liquid phase. 
The high stress can be relaxed by irradiating the stressed Si-nc with lower laser power.95 
Free-standing films were used to obtain the above described laser-induced effects because 
for films on substrates the laser-induced heat is reduced due to thermal flux to substrate,102 
but still observable (section 3.1.4).103 
1.6 Characterization techniques used in this study 
The following techniques are the most commonly employed to characterize thin films 
containing Si nanostructures: 
Photoluminescence (PL) spectroscopy is widely used to obtain information about 
electronic band structure and nature of defects and impurity centers in Si nanostructures. PL 
studies can be done with continuous-wave (cw) and pulsed lasers. In the latter case, the PL 
lifetimes can be measured, which provides information on carrier recombination processes. 
Optical absorption. The absorption of films containing Si nanostructures is obtained by 
measuring transmission and reflection in ultraviolet (UV) and visible (VIS) regions using a 
broadband light source. The band gap of semiconductors can be obtained from the 
absorption spectra using the Tauc relation.66 (section 2.3.5) 
Raman spectroscopy is based on inelastic light scattering. It is fast and non-destructive 
method widely used to study nanostructured material. The shape of the Raman band of Si 
nanostructures depends on many parameters such as disorder, Si-nc shape and size 
distribution, strain, temperature, etc. In principle, by analyzing the Raman peak shape, these 
parameters can be estimated, provided some of them are known. 
Transmission electron microscopy (TEM) is widely applied because of a reliable 
estimation of the Si-nc sizes. Two modes of TEM are also used: dark field TEM (DFTEM) 
and energy filtered TEM (EFTEM). DFTEM is sensitive to the presence of crystalline 
planes in the sample and it is therefore used to detect crystalline Si clusters. The estimation 
of the Si-nc mean sizes with this mode is approximate (especially for very small sizes) and 
the Si-nc volume density cannot be calculated precisely. EFTEM mode provides a chemical 
mapping with a very high spatial resolution. This technique can reliably detect both 
amorphous and crystalline phases of Si.  
In selected area diffraction (SAD), a diffraction pattern is made under parallel beam of 
high-energy electrons illuminating a thin specimen inside transmission electron microscope. 
In this case, atoms of the specimen act as a diffraction grating to a wave of electrons. SAD 
of nanostructures is used to identify their amorphous or crystalline state. 
Infrared spectroscopy (IR) spectroscopy provides information about chemical bonding 
in the material. 
 X-ray photoelectron spectroscopy (XPS) measurements provide detailed information 
about the elemental composition, chemical and electronic states of the elements of the 
material. Since only a thin layer of the sample (usually 1–10 nm) can be investigated with 
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this method, the sample is sputtered with Ar+ ions to gain information about the bulk 
material.  
M-line technique is based on the optical coupling between a high refractive index prism 
and the film to be characterized. The prism-film coupler is a device allowing an accurate 
measurement of the spectrum of the film propagating modes from which the refractive index 
and the thickness of the film can be determined. The method is based on the principle of 
distributed coupling through evanescent fields to the modes of thin-film waveguide. 
Atomic force microscopy (AFM) is used to characterize surfaces at extremely high 
resolution. A sharp tip is brought into close proximity with the sample to be analyzed. The 
interactions between the tip and sample surface are measured by monitoring the 
displacement of the free end of the attached cantilever. The resulting signal is transformed 
into a surface topography map. 
In scanning electron microscopy (SEM), the sample is scanned with a focused beam of 
electrons. Different signals can be detected: electrons from the sample (secondary 
electrons), transmitted electrons, and X-rays, which provide information about the sample 
surface topography, composition, and the elemental composition of the material, 
respectively. 
  
 
 
16 
2 Experimental details and methods 
2.1 Samples 
2.1.1 Molecular beam deposition 
Most of the samples for this study were prepared by MBD in the Aalto University (Finland) 
by Dr. S. Novikov. Samples containing areas with different Si contents as well as samples 
with constant Si content were prepared. The SiOx films were deposited on round silica 
wafers (diameter ~7.5 cm) and had a Si content in the lateral direction.I,VII Therefore, such 
samples are called “optical wedges”.56,63,88,89 The advantage of optical wedges is that the 
areas with different Si contents are annealed under the same conditions and O/Si 
concentration ratio x can be continuously changed by selecting a proper film area. The 
samples were cut in slices (5–7 cm long and ~1 cm wide) along the Si content gradient and 
annealed at temperatures up to 1200 °C for 1 hour in nitrogen atmosphere in a furnace. For 
the study described in Ref. VII, x achieved in three samples varied from ~1.3 to ~1.98. Due 
to the deposition conditions, these films also have a thickness gradient (1.5–2.5 m). Two 
optical wedges had a variation of parameter x with respect to two central values (~1.65 and 
1.7) and one SiOx sample had a constant composition (x ~1.55).I The Si/SiO2 SL films were 
made of 125 or 500 pairs of 2-nm-thick Si and SiO2 layers, yielding the total film thicknesses 
0.5 or 2 m, respectively. The free-standing films were prepared from the samples without 
Si gradient annealed at 1100 C in nitrogen atmosphere in a furnace by chemical etching of 
the Si substrate.104,IV,VI,VIII 
2.1.2 Si-ion implantation 
One sample was made by Si-ion implantation into a silica substrate in the Accelerator 
Laboratory (University of Helsinki).V The implantation of Si ions into a silica plate was 
done with different energies (30, 56, 98, 160, 250, and 400 keV) and doses to achieve a 
nearly constant Si excess in the SiOx layer with a thickness of ~750 nm. The O/Si 
concentration ratio x was estimated by XPS to be ~ 1.8. The implanted sample was annealed 
at various temperatures up to 1200 °C for 1 hour in N2 atmosphere. 
2.2 Equipment 
The main analytical techniques used in the Laboratory of Physical Chemistry are Raman, 
PL, and IR-visible-UV absorption methods. Two setups were used to acquire the Raman 
and PL spectra. The first setup consists of an argon-ion laser (488 nm, Melles Griot 543-
AP-A01), a spectrometer (Acton SpectraPro 500I), and a charge-coupled device camera 
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(Andor InstaSpec IV). The laser beam for this setup was focused with a lens to a spot with 
a diameter of ~40 m. The second setup allowed us to carry out micro-Raman and micro-
PL measurements. It consists of a confocal microscope (LabRAM HR800, Horiba Jobin 
Yvon) equipped with an Ar-ion laser (488 nm). The size of the laser spot in these 
measurements was down to ~1 m. For both setups, the spectral resolution of the Raman 
and PL measurements was ~2 cm−1 and 10 cm−1, respectively. The Raman bands of the films 
annealed at temperatures ≥1000 °C were fitted with two or three Gaussians. The position of 
the Raman band of Si-nc was obtained from the position of the higher-frequency Gaussian 
(~518–530 cm–1). The PL spectra were corrected for the spectral sensitivity of the apparatus. 
The Raman and PL intensities were normalized by the effective thickness ∫ 𝑒(−2𝛼𝑥)𝑑𝑥 and 
∫ 𝑒(−𝛼𝑥)𝑑𝑥, respectively, assuming the same absorption coefficients for the laser and 
Raman light and neglecting the absorption for the PL at ~800 nm.94 
Laser annealing of free-standing films was performed using a TEM00 beam of an Ar-ion 
laser (488 nm, power up to 110 mW at the sample) focused to spots with diameters ranging 
from ~1 to ~40 m. The exposure time was mainly ~1 s, but 10-ms and 100-s exposures 
were also used. 
The absorption coefficients,  were obtained from the transmission and reflection 
spectra,105 recorded with a fiber-optics spectrometer (SD2000, Ocean Optics) and a 
broadband light source (DH-2000, Top Sensor Systems) or by directly measuring 
transmitted and reflected laser light using a power meter (NOVA II, OPHIR). Micro-
transmission measurements of the 488-nm light in the LabRAM microscope were done with 
a large-area photodiode placed behind the sample. M-line measurements were carried out 
with a 633-nm He-Ne laser. 
Additional analytical methods were available from cooperation: XPSI,II,V,VII including 
that with high spatial resolution,IV Fourier-transform infrared spectroscopy (FTIR) with 
high spatial resolution,IV TEM including bright-field scanning (BF-S) TEM and 
EFTEM,IV,VI electron energy loss spectroscopy (EELS),IV SEM and energy-dispersive X-
ray spectroscopy (EDS),VI,VIII AFM,VI,VIII and m-line measurements.I 
2.3 Methods 
2.3.1 PL-filtering effect 
The method to measure optical properties of the SiOx films utilizes the PL-filtering effect.I 
The PL-filtering is observed when measuring the PL spectra in a direction along the film 
surface. In this case, narrow and polarized spectral peaks are detected (Figure 1a). The PL-
filtering was observed in silica layers containing Si-nc, prepared with various methods (Si-
rich silica, Si implantation, and Si/SiO2 superlattices).28,56,63-65,89,96,99 The PL-filtering effect 
was interpreted in terms of delocalization of guided modes near the cut-off 
frequency.56,63,89,96 The minimal losses occur near the cut-off frequencies, when the 
delocalized light travels mostly in the transparent substrate rather than in the film, where 
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Figure 1 (a) Cut-off spectra of SiO1.5 film annealed at 1100 and 1200 °C, measured from the 
sample edge along the waveguide surface. The excitation spot was at a distance of several 
millimeters from the sample edge. The positions of the TE peaks are marked and the other bands 
have the TM polarization. TE and TM peaks have polarization parallel and perpendicular to the 
film surface, respectively. (b) Transmission spectrum of the SiO1.5 film annealed at 1100 °C.  
 
 
the absorption is much stronger. Thus, the narrow peaks seen in the PL spectra obtained in 
the waveguiding direction correspond to the cut-off wavelength. The mode localization is a 
function of the generalized frequency parameter written for an asymmetrical waveguide in 
the form: 
(1) 𝑉 = 2𝜋√(𝑛1
2 − 𝑛2
2) 𝑑 𝜆⁄  , 
where 1n  and 2n  are the refractive indexes of the film and the substrate, respectively, d is 
the film thickness, and λ is the wavelength. This equation was obtained assuming weak-
guiding approximation (n1-n2) ≪ 1.
106 For the cut-off condition 𝑉 = (2𝑚 + 1)𝜋/2, 
equation (1) yields the cut-off wavelengths. 
Figure 1(b) shows a typical transmission spectrum of an annealed SiOx film (x ~ 1.55) 
on a silica substrate. The spacing of the interference patterns (in cm–1) can be written as 
(2) 𝛿𝑣 =
1
2𝑛1𝑑
, 
which provides the optical thickness (nd). The numerical information can be extracted from 
the transmission spectrum by fitting it, for example, with the following empirical function: 
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(3) 𝑇(𝜆) = 𝑃7 + 𝑃1 (1 −
𝑃3
𝜆−𝑃2
) [1 − 𝑃4 sin (
𝑃5
𝜆
+ 𝑃6)], 
where T is transmittance, λ is the wavelength, and Pi are the fitting parameters.89 In 
particular, the P5 parameter is connected with the period of the oscillations, i.e. with the 
optical thickness. The refractive index relevant to the transmission is the TE refractive 
index. By using the equation (1) for the TE peaks and equation (2), the TE refractive index 
and layer thickness can be extracted.63 Next, the obtained layer thickness together with the 
TM peak positions are used to calculate the TM refractive index. The obtained thickness is 
also used to calculate the absorption (extinction) coefficient from the transmission and 
reflection measurements.  
The model described above is called a simple model as it uses a few simplifications: (i) 
equation (1) was derived using the weak-guiding approximation (𝑛1 − 𝑛2) ≪ 1 (this 
difference mainly affects the cut-off positions but not the interval between these 
positions),106 (ii) the procedure uses only the spacing between the cut-off peaks disregarding 
their actual positions, (iii) the material dispersion was neglected, and (iv) a step-index 
profile was assumed for the refractive index.I To take the dispersion of the material into 
account, the transmission spectra were fitted with a function similar to equation (3) but 
containing an additional term describing the wavelength dependence of the spacing v.I The 
corrected optical thickness was found. Equations (1) and (2) were then solved taking the 
dispersion correction into account. The results show that the dispersion corrections for 
refractive index and film thickness are within the experimental errors (Figure 2). The 
refractive index and thickness were also calculated using a model of reflection from a 
multilayer system,107 which did not limit the refractive indexes (the exact equations). 
 
 
 
 
 
 
 
Figure 2 Optical parameters of a SiOx 
(1.5 < x < 1.8) film obtained with 
different models: neglecting dispersion 
(solid circles), taking dispersion into 
account (open circles), and using the 
exact equations107 (stars). 
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 The analysis included both spacing and positions of the cut-off peaks. Equation (3) with 
the additional term describing the material dispersion was also used in this case.I Again, the 
differences from the simple model were within the experimental errors (Figure 2). Based on 
the XPS data for a SiO1.55 film annealed at 1100 °C, it was concluded that the use of smooth 
index profile of the refractive index is not crucial to obtain good description of the 
delocalized cut-off modes. These results suggest that the simple model is sufficient to obtain 
adequate estimates of the refractive index and film thickness. The m-line measurements 
performed for SiOx (1.5 < x < 1.8) film confirmed the values for the Si concentration and 
thickness gradient along the optical wedge obtained using the PL-filtering effect. 
The PL-filtering effect was also interpreted in terms of substrate leaky or radiation 
modes of a planar waveguide.64,65 In this model, the regular guided modes experience 
greater loss propagating over a macroscopic distance from the place of creation towards the 
sample edge. The most likely source of the loss is absorption and scattering from 
nanocrystals, as well as scattering from the “interface” between the core and cladding layers. 
In contrast, the beams responsible for generating the substrate modes travel shorter distances 
through the core region, and the substrate mode undergoes virtually no loss in traveling to 
the substrate facet. There seem to be no contradiction between descriptions based on mode 
delocalization and substrate leaky modes. In particular, both of these models explain the 
PL-filtering effect based on a smaller absorption in the substrate compared to the layer with 
Si-nc. 
2.3.2 XPS spectra 
In the case of SiOx films, the Si 2p spectrum is fitted by several peaks to obtain the amounts 
of Si in different oxidation states. Three peaks were used to describe Si atoms bonded as in 
crystalline Si (elemental Si), “SiO” (mixture of various suboxides), and SiO2 materials 
(Figure 3).I,VII More complicated fitting with five peaks can be used to obtain five oxidation 
states (elemental Si, Si2O, SiO, Si2O3, and SiO2) of Si in different materials.108-110 For our 
samples, the fittings with three and five peaks give similar amounts of elemental Si and 
SiO2.VII Moreover, the use of five fitting curves is problematic in the case of low Si content. 
 
 
 
 
 
Figure 3 Typical XPS spectrum of a 
SiOx film fitted with three Gaussians 
corresponding to Si bonded as in 
elemental Si, SiO (mixture of 
suboxides), and SiO2. 
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2.3.3 Effective medium approximation 
The effective medium approximation (Bruggeman theory) connects the effective dielectric 
constant with the dielectric constants of the three structural components and their volumetric 
fractions:111 
(4) 𝑎 (
𝜀𝑎−𝜀𝑚
𝜀𝑎+2𝜀𝑚
) + 𝑏 (
𝜀𝑏−𝜀𝑚
𝜀𝑏+2𝜀𝑚
) + 𝑐 (
𝜀𝑐−𝜀𝑚
𝜀𝑐+2𝜀𝑚
) = 0 , 
where a, b, and c are the volumetric fractions of each component, εa,b,c are the corresponding 
dielectric constants, and εm is the effective dielectric constant. The effective medium 
approximation was employed to calculate the complex refractive index n* = n + ik (where 
k is the extinction coefficient) using the chemical compositions (Si, SiO, and SiO2) obtained 
from the XPS measurements.I,VII 
2.3.4. Temperature measurements 
The laser-induced temperature can be measured in-situ using the intensities of the Stokes 
(IS) and Anti-Stokes (IAS) Raman bands (Figure 4) and the relation: 
(5) 
𝐼𝐴𝑆
𝐼𝑆
= 𝐴𝑒(−
𝐸𝑅
𝑘𝑇⁄ ), 
where ER is the phonon energy and A is a correction coefficient.100,112 The coefficient A ~ 
0.95 was obtained by measuring the laser-induced temperature of a Si wafer as a function 
of the laser power and assuming room temperature in the irradiated volume at zero laser 
power. The measurements were done for the spectrometer Acton SpectraPro 500I and a 
charge-coupled device camera Andor InstaSpec IV. 
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Figure 4 Raman spectra of a SiO1.3 
film on silica substrate measured with 
two laser powers (30 and 130 mW 
through a ~40-μm laser spot). The 
spectra are vertically shifted for better 
presentation. 
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2.3.5 Tauc law 
According to the Tauc law, absorption spectrum (for α > 104 cm–1) obeys the following 
relation:66,113 
(6) √𝛼 ∙ ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑇𝑎𝑢𝑐). 
A is a coefficient. Function √𝛼 ∙ ℎ𝜈 was plotted versus hv and fitted with a straight line. The 
value of the optical gap (ETauc) was obtained from the intercept of the linear fit with abscissa. 
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3 Results and discussions 
3.1 Furnace-annealed SiOx (x < 2) films on silica substrates  
3.1.1 Correlation between optical and structural properties 
In this section we describe the properties of SiOx (x < 2) films for annealing temperatures 
(400–1200 °C) and Si contents (x from ~1.3 to ~1.96).I,II,V,VII The SiOx films (thickness from 
~1.5 to ~2.5 μm) were deposited on silica substrates by MBD. 
The as-prepared films (annealed at 400 °C for better mechanical stability) with 
substantial Si content show a broad Raman band at ~470 cm–1, which is characteristic for 
amorphous Si (Figure 5).44,88,94,114,115 After annealing above 1000 °C, crystallization of the 
amorphous Si inclusions occurs as evidenced by the narrowing and upshift of the Raman 
band to ~518 cm–1 (Figure 5). For laser intensities below 103 W cm2 at the sample, the 
Raman band position (518–519 cm1) is practically independent of the Si content and of the 
annealing temperature in the 1100–1200 °C range. According to the phonon confinement 
model,116,117 this result suggests that the Si-nc sizes the most sensible to Raman 
spectroscopy do not change much. However, the Si-nc growth with increasing annealing 
temperature was observed for SiOx films prepared by other deposition techniques.47,48 For 
films with very small excess of Si (x > 1.9), the Raman bands of amorphous and crystalline 
Si are practically invisible, in qualitative agreement with the previous results.44 The reason 
behind this is the low amount of properly coordinated Si atoms, i.e. Si atoms bonded with 
four “bulk” Si atoms for samples with low Si content. A similar explanation was applied in  
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Figure 5 Raman spectra of a SiO1.75 film as-
prepared and annealed at 1000 and 1200 °C 
(fitted by two Gaussians). The spectra are 
vertically shifted for better presentation. The 
Raman spectra were measured with laser 
intensity of ~103 W cm–2 at the sample. 
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a study of amorphous Si/SiO2 superlattices, where the Raman bands of amorphous Si were 
observed for thicker Si layers (≥2 nm) and the Raman-scattering cross section decreased for 
thinner Si layers.94  
When the annealing temperature increases, the low-frequency shoulder in the Raman 
spectra responsible for disordered Si and/or small Si-clusters gradually decreases (Figure 
5). However, even after annealing at 1200 °C the low-frequency Gaussian component of the 
Raman band for SiO1.75 does not disappear completely and its area is comparable to that of 
the high-frequency component. As a possibility, small Si grains in silica matrix may be 
disordered even after annealing whereas larger Si grains are crystallized. It follows that the 
Si–SiO2 phase separation is not complete at this temperature. The XPS results are in 
agreement with this conclusion (Figure 6). The Si–SiO2 phase separation increases with the 
annealing temperature, which is evidenced by the increasing amount of elemental Si and 
SiO2 and decreasing amount of SiO. However, a large proportion of suboxides (10–15 at.% 
for x = 1.7) is still detected after annealing at 1200 °C.VII This result indicates incomplete 
Si–SiO2 phase separation in these materials. 
 
 
 
 
 
Figure 7 Band gap of SiOx films 
annealed at 1100 °C as a function of x. 
The insert shows the band gap of a 
SiO1.4 film as a function of the 
annealing temperature. 
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Figure 6 Relative amounts of Si atoms 
bonded as in SiO2 (triangles), SiO 
(circles), and elemental Si (squares) 
obtained from XPS as functions of the 
annealing temperature for x ~ 1.7. 
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Additional information about the properties of SiOx films can be obtained from the 
analysis of the band gap. For a given annealing temperature (from 900 to 1200 °C) the band 
gap of SiOx films increases as the Si content decreases.VII In particular, for annealed at 1100 
°C, when x increases from 1.3 to 1.8, the band gap increases from 2.2 to 2.6 eV (Figure 7), 
meaning that the Si-nc sizes somewhat decrease. According to the ab initio calculations for 
Si-nc with oxygen bonds at the Si/SiO2 interface, the obtained band gap change (2.2–2.6 
eV) corresponds only to a marginal change of Si-nc sizes, the average size being ~1 nm.118 
On the other hand, the position of the maximum of the Raman bands at 518–519 cm1 
corresponds to larger Si-nc sizes (3–4 nm),116,117 and this value is supported by TEM 
measurements of similar materials.104 These different estimates can be connected with low 
sensitivity of Raman and TEM methods to very small Si grains. The low-frequency Raman 
scattering at 490–500 cm–1 can be contributed by smaller Si-nc (1–2 nm) that may be 
partially disordered, which corresponds to the Si-nc sizes obtained from the band gaps. It 
should also be mentioned that the band gap of Si clusters is a complex function of a number 
of parameters in addition to the size, such as the crystallinity, strain due to the silica matrix, 
and degree of oxidation.77,79 Moreover, the Tauc law is generally applicable for amorphous 
semiconductors with absorption coefficients >104 cm–1.66 Thus, the band gaps obtained by 
applying the Tauc law to crystalline Si grains with lower absorption may be somewhat 
inaccurate.  
The band gap of SiOx (x ~ 1.4VII and x ~ 1.8V) films was found to increase with the 
annealing temperature (see insert to Figure 7). This increase can be explained by 
amorphous-to-crystalline transitions of Si clusters rather than by a decrease of their sizes, 
following the discussions by Mirabella et al.60 Indeed, the Si-nc sizes should rather increase 
with the annealing temperature47,87 even though this increase for samples prepared by MBD 
seems to be minor as suggested by the independence of the Raman band positions on the 
annealing temperature.  
By varying the Si content and annealing temperature, one can control optical properties  
 
  
Figure 8 (a) TE refractive index and (b) birefringence for annealing at 1000 °C (triangles), 
1100 °C (squares), 1150 °C (diamonds), and 1200 °C (circles) as a function of x. The open 
squares are the values obtained using the effective medium approximation and the XPS results 
for annealing at 1100 °C. The dashed line is a guide for the eye. 
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such as refractive index and absorption coefficient of SiOx films, which is useful for 
optoelectronic applications. For a given annealing temperature, the refractive index of SiOx 
films increases with the Si content (Figure 8a)VII as reported previously.56,89 Extrapolation 
of the present data to x = 2 yields the refractive index that is close to that of silica (1.456), 
which is a good verification of our results. The obtained values are also in agreement with 
other experimental results for annealing at 1100 °C, λ = 632 nm, and x ~ 1.38–1.63.57 For a 
given x, the refractive index typically decreases upon annealing at temperatures from 1000 
to 1100 °C but increases in the 1100–1200 °C annealing temperature range.VII  
The measured refractive index was compared with the values obtained using the 
effective medium approximation and the chemical compositions measured by XPS. The 
results are presented in Figure 8a for 1100 °C (open symbols) and in Table 1 for x~1.75,I,VII 
and the agreement is reasonably good. The small discrepancy can be due to the applied 
model and its limitations (the model taking dispersion into account, see section 2.3.1) as 
well as the possibility that the refractive indexes of nanostructures are different from those 
of the bulk materials (used in equation (4)). Moreover, the model used in the XPS analysis, 
in which the mixture of different suboxides constitutes the SiO component, can also 
contribute to the error.  
The SiOx films show optical birefringence.56 The classical theory of an isotropic 
asymmetrical planar waveguide predicts that the cutoff positions for the TE modes (with 
polarization parallel to the film) are at longer wavelengths than the TM cutoff positions 
(with polarization perpendicular to the film).106,119 However, the opposite spectral order 
between the TE and TM peaks was found for some samples as demonstrated by the upper 
spectrum in Figure 1a. The reversed order of the TE and TM peaks was explained assuming 
positive optical birefringence.56 Our results confirm the conclusion of Ref. 56 that the 
optical birefringence is higher for SiOx films with higher Si content and lower annealing 
temperature (Figure 8b).VII Similar values for birefringence were also obtained by m-line 
measurements for an optical wedge.I The birefringence was explained by non-spherical 
shape of Si-nc,56 which were also observed by TEM in similar materials.120 
 
Table 1 Experimental refractive indexes n and absorption coefficients α of a SiO1.75 film for 
different annealing temperatures Tann and the estimates for the refractive indexes and extinction 
coefficients from the effective medium approximation. 
Tann (°C) nexp exp (10
4 cm1) nest kest(SiO) kest(Si) 
400 - 1.57 1.575 0.45 1.25 
900 - 0.56 1.57 0.07 1.25 
1000 1.64a 0.134a 1.56a 0 0.77 
1100 1.61 0.126 1.56 0 0.53 
1150 1.64 0.120 1.565 0 0.535 
1200 1.67 0.128 1.57 0 0.48 
aObtained by extrapolation of the data to x = 1.75 
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The absorption coefficient of the SiOx films was analyzed using the effective medium 
approximation and the XPS data, which provided further insight on the nanostructure of the 
thin films (Table 1).I,VII For as-prepared (annealed at 400 °C) SiO1.75 film, if the extinction 
coefficient of amorphous Si (k = 1.25) is used for the elemental Si, the extracted extinction 
coefficient of the SiO phase (0.45) is much larger than the value for bulk SiO (0.055). This 
discrepancy would be smaller if the amount of elemental Si was underestimated by XPS 
and/or the extinction coefficient of nanoscale amorphous Si was larger than that of bulk 
amorphous Si. However, this discrepancy practically disappears for the sample annealed at 
900 °C when our estimates agree with the extinction coefficients of bulk SiO and amorphous 
Si. High transparency of the nanoscale-suboxide component is found for films annealed 
above 1000 °C, in contrast to the corresponding SiO bulk material. The high transparency 
of suboxide is probably connected with its nanoscale structure.  
As the annealing temperature increases, the calculated extinction coefficient of 
elemental Si decreases (Table 1), which is interpreted in terms of gradual crystallization of 
Si.I,VII However, this process in not complete even after annealing at 1200 °C, since the 
calculated extinction coefficient (0.48 for x = 1.75) is much larger than that of crystalline Si 
(0.079); thus, silicon is partially disordered.87 This “disordered” Si should differ from 
ordinary amorphous Si because no Raman bands at 470 cm–1 are present for the films 
annealed above 1000 °C. Instead, the disordered Si grains may contribute to the Raman 
scattering at 490–500 cm–1, which is present in Raman spectra of SiOx films annealed up to 
1200 °C (Figure 5).VII As a possibility, small Si grains in silica matrix may be disordered 
even after annealing whereas larger Si grains are crystallized. The presence of this 
disordered Si may explain the surprisingly large absorption of annealed SiOx films.I 
Moreover, the optical properties of bulk and nanoscale silicon may differ, and the absorption 
by SiO inclusions cannot be completely excluded. This explanation of the relatively large 
absorption coefficient of annealed SiOx films is quite speculative, and additional 
experimental data are required to draw more accurate conclusions. 
The absorption coefficient and the integrated Raman intensity of Si-nc are nearly linear 
functions of the amount of elemental Si obtained by XPS (see Figure 9 for absorption),I,VII 
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Figure 9 Absorption coefficient at 488 
nm for annealing at 1000 °C (triangles), 
1100 °C (squares), 1150 °C (diamonds), 
and 1200 °C (circles) as a function of 
elemental Si.  
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in agreement with the previous results.88 It follows that elemental Si determines the 
absorption coefficient and the Si-nc Raman signal of SiOx films. A similar conclusion was 
made for SiOx films deposited by MS.121 On the other hand, we have obtained that the 
Raman scattering cross-section of elemental Si in SiOx films prepared by MBD is about 
three times smaller compared to that of crystalline Si. This can be explained by several 
factors.VII Ultra-small Si-nc (diameters <2 nm) may be invisible by Raman spectroscopy 
due to low amount of “properly” coordinated Si present in the annealed SiOx films. The 
interaction with a SiO2 matrix can change the coordination of Si-nc, and this effect is 
stronger for smaller Si particles. In principle, the broad band gap of Si-nc may affect the 
Raman cross-section due to the resonance effect. Finally, the complex character of 
interaction of light with Si-nc embedded in SiO2 is not well understood. The present data is 
not enough to give a more reliable interpretation of these observations. 
3.1.2 Photoluminescence of the MBD samples 
For SiOx films annealed up to 900 °C, weak PL is observed at 650–750 nm (Figure 10a), 
which is usually assigned to different thermodynamically unstable radiative defects, for 
instance, nonbridging oxygen-hole centers or E´-type defects.49,83,122-124 After annealing 
above 900 °C, the maximum of the PL shifts towards longer wavelengths (~800 nm) and its 
intensity strongly increases (Figure 10),V,VII which agrees with numerous literature 
reports.46,69,84,87,92 The highest PL intensity is observed for x = 1.8–1.9 and annealing at 
1100–1150 °C.VII Annealing at 1200 °C decreases the PL intensity. Similar decrease of the 
PL intensity was also observed for SiOx (1.05 < x < 1.75) films prepared by MS.84 Slightly 
different PL behavior is observed for SiOx (1.05 < x < 1.75) films prepared by PECVD. For 
these samples, the PL intensity increases with the annealing temperature up to 1250 °C.47,84 
 
  
Figure 10 Normalized PL spectra of (a) a SiO1.4 film annealed at different temperatures and (b) 
SiOx films prepared by MBD and annealed at 1100 °C. The hole in the spectra around 970 nm 
is due to the second order of the notch filter. Notice the multiplication factor in panel (a). 
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The enhancement of the 1.5-eV PL by annealing at >1000 °C is accompanied by the 
formation of Si-nc detectable by Raman spectroscopy.47,88,89,V,VII This correlation seemingly 
suggests that the PL directly originates from these Si-nc. On the other hand, the PL intensity 
is strongest for samples with relatively small Si contents.88,89 Moreover, for x > 1.9, no Si-
nc and elemental Si are evidenced by the Raman and XPS data, respectively, whereas the 
PL is relatively strong (Figure 10b). In fact, the PL quantum yield steadily increases as the 
absorption coefficient and Si content decrease (Figure 11).II,VII These observations suggest 
that the Si-nc observed in the Raman spectra and detected by XPS as elemental Si are not 
direct light-emitting centers, which is in agreement with the defect origin of the PL.45  
The PL position of our SiOx films is relatively stable for different annealing temperatures 
(above 1000 °C) and Si contents (see Figure 10). These results seem to disagree with the 
studies of oxidized Si-nc prepared by MS.32 Those experiments show that the PL position 
is size dependent for relatively large sizes (>3 nm) that are reliably measured by TEM. 
However, it is possible that the Si-nc sizes are similar for all our samples, which is in fact, 
indicated by the Raman spectra. Moreover, Wolkin et al.22 have found that oxidation of Si-
nc stabilizes the PL position for very small Si-nc (<3 nm). Thus, the stability of the PL 
position is also consistent with the hypothesis that the observed emission originates from 
very small Si grains (<3 nm). In general, one has to distinguish different types of Si-nc 
samples. For example, the experiments on hydrogen-passivated Si-nc show that the PL of 
Si-nc with diameters smaller than 3 nm should be below 600 nm, which is not the case for 
our samples. This difference in PL positions can be explained by the decrease of the bandgap 
upon passivation of Si-nc with oxygen.77,125 
Now we discuss the different possibilities of assigning of the 1.5-eV PL to defects and/or 
very small Si grains. By analogy with oxidized p-Si,22,31 the light-emitting centers can be 
the Si=O covalent bonds44,88 or the bridge Si–O–Si bonds suggested by simulations.76 Ultra-
small (below ~1 nm) oxidized Si grains recently considered by theory is another candidate 
to explain the PL.80 Several observations are consistent with the latter interpretation. First, 
the stable PL position for different Si content suggests small sizes (<3 nm).22 The calculated 
band gaps of these Si clusters with diameters ~1 nm are 2–3 eV,80 which agrees with the 
band gaps obtained for our samples (Figure 7).V The short PL lifetimes obtained for our 
samples (~1 μs)II also suggest that the PL originates from Si-nc that are quite smaller than 
 
 
Figure 11 Relative PL quantum yield 
for SiOx prepared by MBD for 
annealing at 1000 °C (triangles), 1100 
°C (squares), 1150 °C (diamonds), and 
1200 °C (circles) as a function of the 
absorption coefficient at 488 nm. The 
insert shows the relative PL quantum 
yield as a function of the amount of 
elemental Si for annealing at 1100 °C. 
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3 nm, for which the PL lifetime is ~40 μs.126,VII Moreover, the theoretical study by Luppi et 
al. reveals that Si-nc with sizes up to 1 nm in diameter with a Si–O–Si bridge bond at the 
surface emit at ~1.5 eV,76 which is observed for our samples. The decrease of the PL after 
annealing at 1200 °C is reasonable if the amount of small optically active Si nanoclusters 
decreases at this temperature. 
The direct excitation of the light-emitting centers by laser light is possible.31 As another 
mechanism, laser light may be absorbed by relatively large Si clusters, and then the 
excitation is transferred to the light-emitting centers located at the Si-nc/SiO2 interface39,127 
or in more disordered areas.88,II Non-radiative defects such as dangling bonds at the Si-
nc/SiO2 interface as well as defects inside and outside the Si-nc can efficiently trap the 
excitation and therefore quench the PL.92 Annealing at ~1100 °C presumably decreases the 
amount of these non-radiative defects and/or intensifies the energy transfer to the radiative 
centers, which enhances the PL. The amount of the light-emitting centers may increase upon 
annealing; however, no direct evidence of this is available. 
Kusova et al. have suggested that compressive stress on Si-nc in a silica matrix can 
redshift the PL.128 Unfortunately, it is difficult to estimate stress on very small Si-nc using 
Raman spectroscopy, due to their low Raman scattering cross-section. Such small Si-nc can 
contribute to the broad low-frequency shoulder around 500 cm–1 (Figure 5). On the other 
hand, the observed Raman bands position at 518–519 cm–1 observed in our samples feature 
unstressed Si-nc with sizes of ~4 nm116 that are also detected by TEM.104 It can be 
speculated that no substantial stress is exerted also on smaller Si-nc. 
3.1.3 Comparison of ion implantation and MBD (x ~ 1.8) 
The structural and optical properties of as-prepared SiOx materials deposited by MBD and 
ion implantation are very different.V It is found that amorphous clusters (>2 nm) are present 
in the as-grown MBD samples, as suggested by the broad Raman band at ~470 cm–1 (Figure 
5) specific for amorphous Si114 and high absorption (Figure 12a).94 For the implanted 
samples annealed below 900 °C, the absence of Raman bands of Si and very low absorption 
(Figure 12a), suggests that only very small Si clusters (with sizes up to 1 nm) may be 
present.94 
Upon annealing at 1000 °C, a narrow Raman band at about 516–517 cm–1 emerges for 
both types of samples, showing the formation of Si-nc. Compared with the as-prepared 
samples, the absorption coefficient increases for implantation but decreases for MBD 
(Figure 12b). After annealing at 1100–1200 °C, both types of samples become optically and 
structurally similar. For both types of samples, the Raman band is at ~518 cm–1 and the 
absorption coefficients are similar (Figure 12). These trends are reasonably explained by 
the growth and crystallization of Si clusters in the implanted sample and by the  
crystallization of the amorphous clusters in the MBD sample. Indeed, the absorption 
coefficient of crystalline Si is much smaller than that for amorphous Si. The higher 
absorption and normalized Raman intensity are observed after annealing (>1000 °C) for the 
MBD samples compared to the implanted sample (Figure 12), suggesting that the amount 
of Si-nc with sizes ≥2 nm is greater in the MBD samples. This conclusion is also supported 
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by the smaller band gap for the MBD sample (~2.6 eV) compared to that for the implanted 
sample (~3.3 eV). 
When annealed below 900 °C, the PL with a maximum at about 650–700 nm is stronger 
for the implanted compared to the MBD sample (Figure 13), meaning larger amount of 
thermodynamically unstable radiative defects (see section 3.1.2) in the former.49,83,122-124 For 
both preparation methods, annealing at ~1100 °C enhances the 1.5-eV PL that is slightly 
higher for the implanted sample (Figure 13), which is remarkable giving that the Raman 
intensity is smaller (Figure 12b). After annealing at 1200 °C, the PL decrease is especially 
pronounced for the implanted sample, which can originate from a thermal modification of 
the light-emitting centers, for example, an increase of the size of oxidized small Si grains.80 
In the case of the implanted sample, this conclusion is supported by the redshift of the PL 
 
 
 
 
 
 
 
Figure 12 (a) Absorption 
coefficient at 488 nm as a 
function of the annealing 
temperature for MBD (squares) 
and implanted (circles) samples 
and (b) normalized intensity 
(solid symbols) and position of 
the maximum (open symbols) of 
the Raman band. 
 
 
 
 
Figure 13 PL spectra of as-prepared 
(ap) and annealed at 1100 °C SiO1.8 
films fabricated by MBD and Si ion 
implantation. 
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to ~900 nm and decrease of the band gap from 3.3 to 2.8 eV for 1150 and 1200 °C, 
respectively. 
For both types of samples even after annealing at 1200 °C, a large proportion of 
suboxides (~15%) is detected by XPS indicating that the Si–SiO2 phase separation is not 
complete. 
3.1.4 Laser heating of films on substrates 
Relatively high laser-induced temperatures are found in SiOx films on silica substrates under 
standard conditions of measurements.VII For example, laser power of ~130 mW focused to 
a 40-m spot leads to a temperature of ~350 °C in a SiO1.3 film annealed at 1100 °C (Figure 
14a). The absorption coefficient of this film increases at 350 °C by ~40 % compared to the 
room temperature value, which is probably due to the thermally induced bang gap 
shrinking.102 At this laser-induced temperature, the Raman band of Si-nc is observed at 
~512.5 cm1, i.e. down-shifted by ~6 cm1 from the room temperature position. The 
temperature dependence of the Raman shift is in excellent agreement with the calculations 
by Faraci et al. for Si-nc with sizes of 5 nm.129 Similar temperature dependences were 
previously reported for crystalline Si and the free-standing SiO1.7 film (see Figure 14a). The 
phonon confinement effect and residual stresses can explain the quantitative differences 
between the Raman band positions in these cases.  
Figure 14b shows the laser-induced temperature for a free-standing SiO1.7 film and SiOx 
(1.3 ≤ x < 1.5) film on silica substrate as a function of the laser power absorbed by a unit 
volume, which is proportional to (1 − 𝑒𝛼𝑑)𝑃/𝑑, where P is the laser power, α is the 
absorption coefficient, and d is the film thickness.100 The linear fit of the temperature versus 
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Figure 14 (a) Raman shift as a function of the laser-induced temperature and (b) laser-induced 
temperature as a function of the laser power absorbed by a unit volume for SiO1.3 annealed at 
1100 °C at various 488 nm laser powers (solid circles) and for SiOx (1.3 < x < 1.5) at  the 
maximum laser intensity of ~104 W cm–2 (open circles). The data for a free-standing SiO1.7 film
100 
(FSF, triangles) and for crystalline Si112 (solid line) are shown for comparison. The dashed line is 
a linear fit. 
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the absorbed power yields the room temperature at zero power, which verifies the results. 
For the same absorbed power, the laser-induced temperature is larger in the free-standing 
film compared to the film on substrate, which is due to the thermal flow to the substrate in 
the latter case. 
In Raman analysis of Si-nc, relatively high laser powers are often employed to obtain 
good signal-to-noise ratios. However, the laser heat, local stress, and the phonon 
confinement model are overlapping effects with respect to the Raman spectra. It follows 
that the laser-induced heat should always be carefully considered even for films on 
substrates (especially when using Raman microscopes) to obtain reliable information of the 
material structure.  
3.2 Laser annealing of free-standing films 
3.2.1 Laser-annealed areas 
We studied cw laser annealing (488 nm) of free-standing SiOx films (0.5 and 2 m) and 
Si/SiO2 SL (0.5 m). Due to the preparation conditions (see section 2.1.1), the free-standing 
films contain small Si-nc up to 4 nm in diameter (see section 3.1.1).100,104 The laser 
annealing for ~1 second was performed in air atmosphere. An optical photograph of a 
typical laser-annealed area on a free-standing film and a Raman map from the same area are 
presented in Figure 15. Three regions can be distinguished: central region, ring around the 
central region, and the pristine film outside the irradiated area.IV,VI,VIII  
 
  
Figure 15 (a) Optical microscope photograph and (b) Raman map of the Si-nc band. A 2-m-
thick free-standing SiOx film was exposed to 488-nm light (110 mW) through a lens (focus 150 
mm). In the optical photograph, the sample was illuminated through the objective. The oval 
shape is due to a non-perpendicular direction of the laser beam. Lighter regions in the Raman 
map correspond to stronger Raman signals. The Raman signal was integrated in the 510–540 
cm1 spectral range. 
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Central region. The material in the central region is essentially amorphous SiO2. For 
0.5-μm-thick SiOx (x ~ 1.7–1.8) films, this was directly shown by XPS and EELS methods.IV 
In accord, the TEM images and SAD patterns indicate a very homogeneous and amorphous 
structure of this region, and the FTIR spectra measured with high spatial resolution are 
similar to those of thermal silica. No Si-related peak is detected by Raman spectroscopy 
from the central region, the absorption is very low, and no PL is observed (Figure 16). In 
agreement, for 0.5-μm-thick Si/SiO2 SL, no Si clusters are detected in BF-STEM images, 
EDS measurements indicate an increase of x in the central region compared to the pristine 
film.VI,VIII Quantitative analysis based on the EDS measurements is not possible because 
quantification using low-energy X-ray lines such as oxygen K alpha is not feasible. Small 
Si clusters (<1 nm) invisible by all employed microscopic methods are in principle possible 
in the central region. However, very small Si clusters are thermodynamically unfavorable,130 
and their formation seems to be improbable at high temperatures.IV Furthermore, these Si 
grains are presumably luminescent; however, practically no photoluminescence (at least by 
a factor of 100 compared to the pristine film) is detected from the central region.  
Ring region. The EFTEM, BF-STEM, and TEM images show that the ring around the 
central region contains large Si-nc embedded in amorphous SiO2 (Figure 17).IV,VI,VIII The 
maximum Si-nc sizes (~200 nm) for 0.5-μm-thick Si/SiO2 SLs are on average two times 
larger than those detected for 0.5-μm-thick free-standing SiOx films.IV This difference 
isreasonably explained by a larger Si content in Si/SiO2 SLs (x ~ 0.7 from the deposition 
conditions) compared to SiOx (x ~ 1.7–1.8) films. For 0.5-μm-thick Si/SiO2 SL films, SEM, 
TEM, and AFM measurements detect several large holes (up to 200 nm) in the inner part of 
the ring region (Figure 17a,b). The crystallinity of the large Si clusters in the ring region is 
confirmed by the SAD measurements (for 0.5-μm-thick SiOx) and Raman spectra. The 
Raman band is quite narrow and does not have a shoulder at 450–500 cm–1, indicating the 
absence of amorphous phase and therefore efficient Si crystallization (see Figure 16a).  
 
  
Figure 16 (a) Raman spectra of a laser-annealed 2-μm-thick SiOx (x ~ 1.7–1.8) film from 
regions in the center (in), on the ring (on), and outside the laser-annealed area (out). (b) Raman 
(circles), PL (stars), and transmission (triangles) cross-sections of the laser-annealed area. The 
cross-sections were measured in the vertical direction through the center of the laser-annealed 
area for the sample shown in Figure 15. 
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The EELS spectra show the presence of Si and SiO2 phases. In accord, FTIR spectra 
correspond to stoichiometric SiO2 perturbed by Si–SiO2 interface. The increase of the 
Raman by about 2–3 order of magnitude from this regions compared to the pristine film is 
explained by the resonance size effect for large Si-nc.131,IV The Raman bands from Si-nc in 
the ring region are typically shifted up to ~530 cm–1 (from the value of 521 cm–1 for 
crystalline Si) indicating a compressive stress on Si-nc. According to the mechanism 
proposed earlier, these large Si-nc are formed from the liquid phase, and the stress appears 
when their volume suddenly increased in the solid SiO2 matrix.95 Thus, the temperature in 
the ring region exceeds the melting point of Si (1685 K), and it must be even higher in the 
central region. Indeed, a temperature of ~2000 K was estimated by fitting the strong light-
emission background upon irradiation with high laser intensities (~16 kW cm–2 at the 
sample).99 The bright thermal radiation is also seen by the naked eye. High processing 
temperatures in the central region are also confirmed by the decrease of the film roughness 
detected by AFM. 
These results demonstrate a Si–SiO2 phase separation on a macroscopic scale: the central 
region (up to 30 μm) is cleaned of the Si excess, large Si-nc are formed and the Si excess is 
enhanced (found for 0.5-μm-thick SiOx film by XPS and EELS) in the ring region. The 
macroscopic phase separation can be explained as follows. In the beginning of laser 
irradiation, the film structure is homogeneous so that the temperature gradient 
approximately corresponds to the intensity gradient in the Gaussian beam. The temperature 
gradient gives rise to a concentration gradient due to different diffusion properties of the 
mixture constituents.IV For example, Si, O, and SiO can diffuse in silica,132 which changes 
the relative concentrations. Diffusion in temperature gradient is known as thermodiffusion 
or Ludwig-Storet effect.133,134 As detected by EELS, XPS, and AFM measurements, the 
central region is typically thinner than the pristine film by about 30–40% and ~50% for 0.5-
μm-thick Si/SiO2 SL and SiOx films, respectively. Moreover, AFM shows an increase of the 
film thickness in the ring region compared to the pristine film (see later in 3.2.3). These 
results are also indicative of macroscopic movement of Si from the central region. 
3.2.2 Surface structure  
Surface analysis (SEM and AFM) allowed us to discriminate Si-nc contacting the film 
surface in laser-annealed 0.5-μm-thick Si/SiO2 SLs.VI These “surface Si-nc” have an 
unusual pear-like shape in the TEM images with the thinner part sticking out of the laser-
illuminated surface. The AFM and SEM methods estimated that the thinner part above the 
surface (surface feature) has a spherical shape with a typical diameter of 60–70 nm, whereas 
the subsurface part is ~200 nm, as shown by TEM and BF-STEM images. Figure 17 shows 
this particle in TEM images with different magnifications.  
The formation of the surface features was explained by the following mechanism. Since 
most of large Si-nc formed by laser annealing are under high compressive stress, it is 
possible that the laser-pressurized silicon can erupt from the film if it is separated from the 
ambient atmosphere by a very thin silica layer. The erupted Si is seen as the subparticle in 
Figure 17c. The volume of the subparticle (70 nm in diameter) is 5% of the volume of 
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Figure 17 TEM images of 0.5-μm-thick Si/SiO2 SL film showing a Si particle located near the 
film surface (marked with white arrows). The images in panels a, b, and c are taken with 
different magnification. The bright spots are holes in the film; the holes observed in panel b are 
marked by black arrows in panel a, which were used as reference points. Panel c shows this 
particle in the tilted geometry, the surface subparticle being indicated by a dotted circle. 
the larger subsurface part of the nanocrystal (200 nm in diameter). Eruption of this volume 
would lead to a substantial decrease of the compressive stress of the parent particle.95 The 
fact that no eruptions are detected on the backside of the film seems to be consistent with 
this mechanism. Indeed, the temperature should be somewhat higher on the front side (laser-
illuminated) of the film; hence, the covering silica film is softer at higher temperatures, 
which favours Si eruption on the front side of the film. 
Raman measurements confirm the proposed eruption model. Spot 1 in Figure 18a marks 
the position of a surface Si nanocrystal in the Raman map of Si-nc. The same surface Si  
 
 
 
Figure 18 Raman characterisation of the region shown in Figure 17a. (a) Raman map of Si-nc 
(integration from 515 to 530 cm1) obtained with a 100× objective and steps of 0.2 m. The 
white circles show positions of two holes used for the positioning. (b) Raman spectra obtained 
in positions 1, 2, and 3 shown in panel a.  Position 1 corresponds to the surface Si nanocrystal 
shown in Figure 17. 
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nanocrystal is shown in the TEM images (Figure 17). The Raman shift of ~520 cm–1 
obtained in this position (spectrum 1, Figure 18b) indicates a low stress. It is reasonable that 
Si eruption can relax stress also around surface Si-nc. Indeed, the compressive stress is 
partially relaxed at a distance of about 1 µm from the surface feature (spectrum 2). 
3.2.3 Effect of the annealing atmosphere 
The studies described above were performed in air atmosphere (containing ~20% of 
oxygen), which can cause some oxidation of Si during laser annealing. Indeed, oxygen can 
diffuse through the film oxide to Si-nc.135-137 This may decrease the excess of Si, especially 
in the central region, where the temperatures are the highest. To evaluate this effect, we 
compared laser annealing in atmospheres containing different amounts of oxygen (Ar, N2, 
O2, and air atmospheres). This was done in detail for 0.5-m-thick Si/SiO2 SL and 1-s 
exposure.VIII  
Central region. For all annealing atmospheres, the center of laser-annealed areas most 
probably consists of amorphous silica without Si excess. This is indicated by the absence of 
the Raman signal of Si-nc in this area, an increase of x compared to the pristine film detected 
 
 
 
Figure 19 BF-STEM images of whole laser-
annealed areas obtained in (a) Ar, (b) air, 
and (c) O2 for 1-s exposure (0.5-μm-thick 
Si/SiO2 SL film). Enlarged regions (d), (e), 
and (f) marked in panels a, b, and c, 
respectively. The BF-STEM images show Si-
nc and holes as dark and white spots, 
respectively. Surface features look 
completely black. The dashed lines in panels 
d, e, and f indicate the position of the 
maximum Raman signal. The scale is the 
same in panels a, b, c and in d, e, f. 
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by EDS, and by the absence of Si clusters in BF-STEM images (see Figure 19). Large Si-
nc (up to 150–300 nm) are formed in the ring regions, and the film thickness tends to 
increase compared to that of the pristine film. The change of the film thickness was 
estimated using the AFM images taken from both sides of the film (Figure 20). These results 
support the concept of macroscopic Si–SiO2 phase separation as a result of laser annealing. 
The effect of oxygen in the laser annealing process can be analyzed by comparing the 
film thickness in the central region obtained for different atmospheres. Indeed, two 
competitive processes, thermodiffusion and Si oxidation, affect the film thickness in the 
opposite directions, tending, respectively, to decrease and to increase it. For Ar atmospheres, 
the central region is thinner by ~150 nm than the pristine film, i.e. the thickness is about 350 
nm. This observation supports the concept of the macroscopic phase separation because Si 
oxidation does not operate in the inert atmospheres. A similar change of the thickness occurs 
in air (the thickness of the central region is 300–350 nm) indicating minor Si oxidation also 
in this case. In contrast, laser annealing in pure O2 increases the film thickness in the central 
region by ~20 nm compared to the pristine film. Thus, both thermodiffusion and Si 
oxidation seem to operate in this case, practically compensating each other. 
A large part of Si can be in principle oxidized under our experimental conditions. The 
difference between the film thickness of the central region for inert and O2 atmospheres is 
~200 nm. 200 nm of SiO2 can be formed by oxidation of about 100-nm Si layer, which 
corresponds to ~40% of all amount of Si in the pristine SL (from the deposition conditions,  
 
 
   
Figure 20 AFM of the front side of laser-annealed areas for 1-s exposure. Tapping mode 
images and the change of the film thickness d from the value for the pristine film (500 nm) in 
cross-sections shown by dashed lines for laser-annealed areas obtained in (a) Ar, (b) air, and 
(c) O2 atmospheres. The scale is the same in all tapping mode images. 
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the total thickness of the 125 Si layers is ~250 nm). On the other hand, according to the 
model suggested by Deal and Grove for crystalline Si, 1 bar of dry O2 at 1200 °C produces 
~20-nm oxide film during 1 s, whereas a ~33-nm oxide is formed for 100 s.136 It should be 
reminded that the temperature of laser annealing is sufficiently higher.99 Of course, these 
estimates should be considered with caution, first of all, because our pristine material is very 
different from crystalline Si. 
Si-nc and holes in the ring region. The amount of O2 in the ambient atmosphere during 
laser annealing has a strong effect also on the structure of the ring region with large Si-nc. 
For inert atmospheres, the AFM and BF-STEM images show that the ring region is very 
inhomogeneous (see Figure 19 and Figure 20a). It contains sections with large Si-nc up to 
150 nm in diameter (Figure 19d), with large non-spherical holes up to 300 nm, and with 
smaller Si-nc up to 50 nm in diameter (in the area around line B in Figure 19a). No surface 
Si-nc are observed on the both front and back sides of the film (as confirmed by AFM and 
SEM). Raman spectroscopy indicates Si-nc with different stresses (Raman shifts 518–530 
cm–1) and regions with different intensities of Raman bands of Si-nc. BF-STEM images 
show a “belt” of nano-channels (or pores) around the ring region (see Figure 19a and the 
right side of Figure 19d). The size of these nano-channels can be as low as a few to tens of 
nanometers. For pure O2 atmosphere, besides Si-nc inside the film, SEM and AFM of the 
front side of the film clearly show a regular chain of large surface Si-nc at the inner part of 
the ring (Figure 19c,f; Figure 21b). These surface Si-nc can be up to 300 nm in diameter. In 
agreement with the suggested eruption model, Raman spectroscopy shows a relaxed stress 
around the chain of the surface Si-nc (Raman shifts of ~520 cm–1), whereas the Si-nc at the 
outer part are still under compressive stress. No holes are present in the laser-annealed areas 
produced in O2 atmosphere. 
Remarkably, for annealing in air, a chain of holes is present at the inner part of the  
 
 
Figure 21 SE images of the front side of laser-annealed areas produced in (a) air and (b) O2 
atmospheres during 1-s exposure. Surface features are white, holes are black. The scale is the 
same in both panels. 
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Si-nc ring, where, for O2 atmosphere, a chain of large surface Si-nc is located (see Figure 
19 and Figure 21). Thus, it can be suggested that the holes in the laser-annealed areas are 
formed at the positions of surface Si-nc removed from the film and the eruption mechanism 
may operate to some extent. The laser-annealed areas with larger number of holes contain 
less surface Si-nc, and the presence of oxygen increases the amount of surface Si-nc. This 
suggests that oxygen decreases the removal of Si particles by the formation of a thin oxide 
layer covering surface Si-nc, which “glues” them to the film. The large irregular holes 
obtained in the inert atmospheres also presumably originate from the Si-nc removed from 
the film. The suggested mechanism of the formation of holes is consistent with the 
dependence of the maximum Si-nc sizes on the annealing atmosphere. For inert 
atmospheres, the maximum diameters of Si-nc visible in BF-STEM images are only ~150 
nm because larger Si-nc are removed from the films forming holes up to 300 nm. For O2 
atmosphere, the largest Si-nc (up to 300 nm) are detected because they are well protected 
by thin oxide layers. Annealing in air represents an intermediate case where the largest Si-
nc are ~200 nm, and some Si-nc are removed forming holes.  
Holes in the ring regions are observed only for 0.5-μm-thick Si/SiO2 SLs, and they are 
absent for 0.5-μm-thick SiOx (x ~ 1.7–1.8) films laser-annealed in air in similar conditions. 
In the latter case, the Si-nc have sizes up to 100 nm. In this situation, most of the Si-nc are 
probably located below the film surface and, therefore, cannot be removed to form holes. 
Secondary Si depletion. The model of macroscopic phase separation finds additional 
support from the observation of secondary Si depletion outside the ring region.VIII Figure 22 
shows Raman cross-sections measured through characteristic ring regions of the laser-
annealed areas prepared in inert (Ar) and O2 atmospheres. The coordinate x = 0 
approximately corresponds to the maximum Raman signal in the ring regions (see also 
 
 
 
 
 
 
 
Figure 22 Characteristic Raman cross-
sections (a) and (b) along the dotted lines 
marked in panel a Figure 19 as A and B, 
respectively, (c) through typical ring region 
for O2. For air, the cross-section is similar to 
that obtained for O2. The Raman signal was 
integrated in the 230–585 cm–1 range. The 
normalizing factor corresponds to the Raman 
intensity measured from the pristine film. 
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dashed lines in Figure 19d-f). It has been found that for 488-nm laser light, the Raman 
enhancement is the strongest for spherical Si particles with diameters of ~112.5 nm.131 In 
agreement, Si-nc with sizes ~100 nm are observed in the areas with the strongest Raman 
signal (Figure 19d-f). At coordinates >5 μm (Figure 22), the Raman spectra are similar to 
that from the pristine film. The Raman intensity is relatively weak in region B for Ar 
atmosphere because the Si-nc sizes are smaller than ~50 nm, as estimated from BF-STEM 
images, i.e. smaller than the resonance value of ~112.5 nm.131 
For inert atmospheres, there is a spatial interval (1–1.5 μm wide) located at coordinates 
2–3 μm, where the Raman signal is at least 10 times lower compared to the pristine film, 
i.e. practically absent (Figure 22). For air and O2, this decrease of Raman intensity is less 
pronounced, but still observable. In the attempt to explain the formation of this interval with 
low Raman intensity, we speculate that after the large Si-nc are formed in the ring region 
during laser annealing, the absorption coefficient in this area strongly increases resulting in 
an increase of the temperature. Due to the thermal conductivity, the temperature of the 
vicinity also increases, which leads to a temperature gradient and additional macroscopic 
phase separation outside the ring region. This process seems to be more efficient for the 
inert compared to oxygen-containing atmospheres. The position of this spatial interval 
roughly coincides with the position of the belt of nano-pores and nano-channels observed 
by SEM. The exact mechanism of the formation of these pores is unclear.  
3.2.4 Effect of the exposure duration 
Laser annealing at different exposures (10 ms and 100 s in addition to 1 s) were studied for 
0.5-μm-thick Si/SiO2 SL mostly in air atmosphere.VIII For all exposures (10 ms – 100 s), 
EDS and Raman measurements of the central region yield similar results (an increase of x 
and no Raman signal from Si-nc relative to the pristine film) and no Si clusters are visible 
in the BF-STEM images (Figure 23). Thus, 10-ms exposure is enough for the substantial 
removal of the Si excess from the central region. In other words, these data show that this 
process essentially occurs at a millisecond time scale. 
However, the ring regions differ for different exposures. For 10-ms exposures, no holes 
or surface features are detected. The growth of Si-nc in the ring is not finished. The Si-nc 
have relatively small sizes. For 10-ms exposure in air, Si-nc up to 20–30 nm are detected 
by SEM (see Figure 23d). For 1-s and 100-s laser exposures, the Si-nc can reach up to 200 
and 250 nm in diameter, respectively (Figure 23e,f). Thus, the increase of the laser-
annealing duration increases the Si-nc size. Evidently, coalescence of Si-nc can be 
suggested, based on the fact that their amount decreases (compare Figure 23e and 23f).50 
The increase of Si-nc sizes with the exposure duration probably can explain the greater 
amount of surface Si-nc after 100-s annealing compared to 1-s annealing (compare Figure 
23b and 23c). For other atmospheres, the prolonged laser annealing (100 s) also decreases 
the amount of small Si-nc and increases the average sizes of Si-nc compared to exposures 
for 1 s. The Si-nc sizes for 10-ms exposures (20–30 nm) are below the resonance value of 
~112.5 nm. This explains why no Raman enhancement is observed from these small Si-nc 
(compare the Raman spectra for 10 ms and for the pristine film in Figure 24).  
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Figure 23 Effect of the laser exposure duration for 0.5-μm-thick Si/SiO2 SL. SE images of whole 
laser-annealed areas obtained by laser annealing in air for (a) 10 ms, (b) 1 s, and (c) 100 s. BF-
STEM images (d), (e), and (f) of rectangular regions marked in panels a, b, and c, respectively. 
The SE images show surface features and holes in the film as bright and dark spots, respectively. 
The BF-STEM images show Si-nc and holes as dark and bright spots, respectively. The scale is 
the same in panels a, b, c and in d, e, f. 
 
 
 
 
Figure 24 Typical Raman spectra from 
the ring region of laser-annealed areas on 
0.5-μm-thick Si/SiO2 SL prepared by 10 
ms, 1 s, and 100 s exposures in air as well 
as from the pristine film and crystalline Si 
wafer (c-Si). 
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The small Raman signal from the ring regions (for 10 ms exposures) can be also connected 
with an increase of reflection and with interference effects. In contrast, for 1-s and 100-s 
exposures, the Raman signal is enhanced by 2–3 orders of magnitude compared to that from 
the pristine film. The Raman band for 10-ms exposure has a smaller low-frequency shoulder 
compared to the pristine film, meaning that the amount of disordered Si and/or small Si 
clusters is reduced. When the exposure increases from 10 ms to 100 s, the Raman band 
further narrows indicating that the amount of disordered Si further decreases. For 100-s 
exposure, the width of the Si-nc Raman band becomes as narrow as that from crystalline Si 
wafer, which indicates an almost perfect crystalline structure. 
Similarly to 1-s exposure, for 10-ms annealing, the Si-nc in the ring region are formed 
from the melt phase because they are under compressive stress as shown by Raman shifts 
of ~525 cm–1. On the contrary, no stress on Si-nc is detected for 100-s exposures for all 
studied annealing atmospheres (Raman shift ~518 cm–1). This fact may show that for the 
long exposure, the temperature of large Si-nc is below the melting point. The decrease of 
the temperature for long exposure may be explained by the decrease of the absorption when 
the Si-nc become much larger than the resonance size of ~112 nm (for 488 nm light).131 As 
other possibilities, the silica matrix can soften at long laser exposures. Our present data are 
insufficient to distinguish these mechanisms. 
3.2.5 Optical memory 
In this section, we describe two concepts of optical memory based on crystallization of Si 
nanostructures in free-standing Si/SiO2 SL films by a strongly focused laser beam.III The 
first concept is based on the Raman signal enhancement and the second one uses the silicon 
stress.  
The concept of Raman enhancement. The free-standing film is irradiated by a strongly 
focused laser beam (488 nm) using a ×100 objective during 10 ms – 1 s, which produces 
laser spots with sizes below 1 μm. The laser spots are clearly visible in camera photographs, 
which indicates a change in the reflection coefficient of the film. Three such spots are shown 
in optical photograph in Figure 25a. Raman, PL, and transmission profiles through a typical 
laser-annealed spot are presented in Figure 25b. The Raman signal is strongly enhanced 
whereas transmission is decreased due to temperature-induced Si–SiO2 phase separation, 
ordering and growth of Si-nc, and the resonance size effect.95,99,100,131,IV  
The observed laser crystallization is a case of non-volatile memory. Binary digits can 
take values of either 0 or 1 as demonstrated in Figure 25c. The smaller Raman intensity 
corresponds to 0, whereas the higher Raman intensity represents 1. Similar data reading can 
be obtained by transmission or reflection measurements. The data pixels occupy a typical 
space of ~1 μm. The estimated data density for this method is ~1 bit/μm2, which can be 
improved by using stronger objectives and shorter laser wavelength. The nature of the used 
material provides high thermal stability of the described optical memory.  
The thermal stability of the laser-crystallized spots was tested by furnace annealing for 1 
hour at 1200°C in nitrogen atmosphere. As expected, Raman and transmission signals 
remained unchanged. This approach does not allow erasing and rewriting information. 
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The concept of Si-nc stress. First, a free-standing Si/SiO2 SL film is shortly irradiated 
with a relatively large laser spot (10–40 μm in diameter), which produces an extended area 
(similar to the spot shown in Figure 15a) with a compressive stress of ~3 GPa. This stress 
is evidenced by Raman bands at ~527 cm−1 (Figure 26a).95,101 Next, the stressed area is 
irradiated by a highly focused laser beam using a 100× objective and reduced laser power 
(<10 mW). As a result of the laser annealing below the Si melting temperature, the stress is 
released in the irradiated spot and the Raman band shifts down to ~518 cm–1. The typical 
size of the spot with relaxed stress is ~1 μm (Figure 26b). The transmission is practically 
unchanged upon the stress relaxation, and this spot is invisible in camera photographs. The 
laser-induced decrease in the Raman shift from 527 cm−1 writes data pixels on the film 
similarly to the concept based on the Raman enhancement. The data can be erased by 
inducing stress by a broad high-power laser beam and re-written again.95,101 The retention 
time of the stress-based memory is estimated to be about 1 year at ~300 °C.95 
       
            
 
 
Figure 25 Writing digital data pixels on 
free-standing 2-m-thick Si/SiO2 SL. (a) 
Camera photograph of three spots 
produced by 488-nm laser annealing for 
~10 ms. (b) Cross-section of the Raman, 
transmission, and 1.5-eV PL signals 
through a typical laser spot. (c) Cross-
section of the Raman intensity through the 
spots presented in panel a, which illustrates 
digital data pixels. The Raman intensity 
was integrated in the 500–540 cm−1 region. 
-2 0 2 4
0.0
0.5
1.0
 
 
 R
a
m
a
n
 i
n
te
n
s
it
y
Coordinate (m)
0      1      0     1       0      1      0
(c)
-6 -3 0 3 6
0.0
0.5
1.0 Transmission
Raman int.
N
o
rm
a
liz
e
d
 i
n
te
n
s
it
y
 
 
Coordinate (m)
PL
(b)
(a) 
  
 
 
45 
  
Figure 26 (a) Raman spectra of Si-nc with stress of ~3 GPa and after laser-induced relaxation 
(for 2-m-thick Si/SiO2 SL). (b) Cross-sections of the Raman band position and the Raman 
intensity integrated in the 510–520 cm−1 region.  
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4. Conclusions in brief 
This work is focused on optical and structural properties of Si-nc in SiOx (x < 2) and Si/SiO2 
SL films. The SiOx films have different Si contents and annealed at different temperatures 
up to 1200 °C. 
For different Si contents in SiOx films, the Si-nc Raman signal and the absorption 
coefficient are proportional to the amount of elemental Si detected by XPS. On the other 
hand, the Raman scattering cross-section of elemental Si is about three times lower 
compared to that of crystalline Si. This difference can be explained by the presence of small 
Si-nc (<2 nm) and/or by the different properties of bulk and nanoscale Si. 
The measured optical properties of SiOx films are compared with the values estimated 
by using the effective medium approximation and XPS results. A good agreement is found 
between the measured and calculated refractive index. The results for absorption suggest 
high transparency of nanoscale suboxide. The extinction coefficient for elemental Si is 
found to be between the values for crystalline and amorphous Si. Thermal annealing 
increases the degree of Si crystallization; however, the Si–SiO2 phase separation is not 
complete after annealing at 1200 °C.  
The PL quantum yield increases as the amount of elemental Si decreases. It follows that 
the 1.5-eV PL from the SiOx films annealed above 1000 °C is probably not directly from 
Si-nc responsible for absorption and detected by Raman spectroscopy. According to these 
results, the light-emitting centers may be small (~1 nm) oxidized Si grains or oxygen-related 
defects, which are not detectable by Raman spectroscopy.  
The as-prepared SiOx films deposited by MBD and ion implantation are structurally and 
optically very different. Large amorphous clusters (>2 nm) are present in the MBD films 
whereas they are absent in the implanted samples as suggested by absorption and Raman 
spectroscopy. After annealing at ~1100 °C the samples become similar and possess 
comparable amounts of Si-nc.  
Laser-induced thermal effects are found for SiOx films on substrates illuminated by 
focused laser light. In our experiments, a temperature of ~350 °C was measured for SiOx (x 
~ 1.3) films on silica substrate for laser intensity of 104 W cm–2, which down-shifts the 
Raman band by ~6 cm–1. This effect should be taken into account in optical measurements 
using focused laser beams. 
Cw laser irradiation can produce very high temperatures in free-standing SiOx and 
Si/SiO2 films, which changes their structure and optical properties. The center of a laser-
annealed area is very transparent and consists of amorphous SiO2 with possible (but not 
probable) inclusions of ultra-small Si grains (<1 nm). Large Si-nc (up to 300 nm) are 
observed in the ring around the central region. These Si-nc produce high absorption and 
they are typically under compressive stress, which is connected with the crystallization from 
the melt phase. Some of the large Si-nc exhibit surface features, which is interpreted in terms 
of eruption of pressurized Si from the film. Some of these “surface” Si-nc are removed from 
the film forming holes of similar sizes. The presence of oxygen in the laser-annealing 
atmosphere decreases the amount of removed Si particles most probably due to oxidation 
of their surface.  
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The structure of laser-annealed areas is explained by thermodiffusion in temperature 
gradient, which suggests the macroscopic Si–SiO2 phase separation. Comparison of the 
structure of central regions for laser annealing in oxygen, air, and inert atmospheres 
excludes the dominating effect of Si oxidation, thus supporting the mechanism of 
macroscopic Si–SiO2 phase separation. 
By using a strongly focused laser beam, the structural changes in the free-standing films 
can be obtained in areas of submicron sizes. A concept of high-density nonvolatile optical 
memory with superior thermal stability is suggested, where the information can be read, 
rewritten and erased by optical means. 
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